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The production of η′ mesons in photon- and hadron-induced reactions has been revisited in
view of the recent additions of high-precision data to the world data base. Based on an effective
Lagrangian approach, we have performed a combined analysis of the free and quasi-free γN → η′N ,
NN → NNη′, and piN → η′N reactions. Considering spin-1/2 and -3/2 resonances, we found that
a set of above-threshold resonances {S11, P11, P13}, with fitted mass values of about MR = 1925,
2130, and 2050 MeV, respectively, and the four-star sub-threshold P13(1720) resonance reproduce
best all existing data for the η′ production processes in the resonance-energy region considered in
this work. All three above-threshold resonances found in the present analysis are essential and
indispensable for the good quality of the present fits.
PACS numbers: 25.20.Lj, 13.60.Le, 13.75.-n, 14.20.Gk
I. INTRODUCTION
A wealth of interesting physics can be obtained from
studying the production processes involving the η′ me-
son [1], one of the primary interests being here that
such production processes may help one extract infor-
mation on nucleon resonances that cannot be obtained
from pion reactions. In fact, current knowledge of most
of the nucleon resonances is mainly due to the study of
πN scattering and/or pion photoproduction off the nu-
cleon. Since the η′ meson is much heavier than the pion,
η′ meson-production processes near threshold, therefore,
are well suited for investigating high-mass resonances
in low partial-wave states. Furthermore, reaction pro-
cesses such as η′ photoproduction provide opportunities
to study, in particular, those resonances that couple only
weakly to pions. This may help in providing a better
understanding of the so-called “missing resonances” pre-
dicted by quark models [2], but not found in more tradi-
tional pion-production reactions.
In view of the relatively low production rate, until re-
cently there existed only a very limited number of ex-
perimental studies of η′ production reactions. This lim-
ited experimental information was reflected in the rel-
atively low number of theoretical investigations of such
reactions. For an account of the pre-2004 situation, see
Ref. [1]. However, the situation has changed in the past
few years, especially in η′ photoproduction, where high-
precision data for both nucleon and deuteron targets have
become available [3–6]. Also, the pp and pη′ invariant-
mass distribution data in the pp→ ppη′ reaction are now
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available [7], in addition to the cross-section data [8–10].
Upper limits for the total cross sections in pn → pnη′
have also been reported [11]. Given the present situation,
with much higher-quality data than were available in the
past, we revisit here the production of η′ and we perform
a combined analysis of the reaction channels γN → η′N ,
NN → NNη′, and πN → η′N . In our previous study
of η′ photoproduction on the proton [1, 12], we found
that cross-section data alone cannot unambiguously con-
strain the set of minimal spin-1/2 and -3/2 resonances
necessary in principle for an adequate reproduction of
the data, and we pointed to the necessity of incorporat-
ing spin observables (in particular, the beam asymme-
try) to constrain our model much more stringently than
what can be achieved by utilizing the cross section alone.
To date, although there are ongoing efforts to measure
the beam asymmetry [13] and the beam-target asymme-
try [14], experimental data for spin observables are not
available yet for η′ production reactions. However, as we
shall show in this work, the simultaneous consideration of
the high-precision cross-section data in free γp→ η′p [4]
that have only become available recently, together with
the cross section data on quasi-free γn→ η′n [6] and the
invariant mass distribution data in pp→ ppη′ [7], impose
sufficient constraints to remove the ambiguity among var-
ious sets of possible spin-1/2 and -3/2 resonances.
To analyze the new photoproduction data [4–6], we
use here the same approach as employed in Ref. [12] for
the analysis of the earlier CLAS data [3]. In particular,
we include spin-1/2 and -3/2 resonances with parame-
ters determined from best fits to the data. We restrict
ourselves to these low-spin resonances because the ex-
isting cross-section data alone cannot constrain the res-
onance parameters unambiguously once higher-spin res-
onances are added into the model. For this, one must
have spin-observable data. Since the present approach is
2phenomenological, our strategy is to consider the mini-
mum number of resonances that allows us to reproduce
the available data with acceptable fit accuracy. This is
quite different in spirit from a recent analysis of the new
data [4–6] by Zhong and Zhao [15] who work within a
quark-model approach and consider all possible nucleon
resonances up to the n = 3 harmonic-oscillator shell. For
the quasi-free photoproduction processes [6], we account
for the Fermi motion of the nucleon by folding the cross
section of the free process with the momentum distri-
bution of the nucleon inside the deuteron. The analysis
of the reaction NN → NNη′ is done following Ref. [1]
within a distorted-wave Born approximation (DWBA) in
which both the initial- and final-state NN interaction is
taken into account explicitly.
This paper is organized as follows: In Sec. II, we de-
scribe our overall strategy for performing our combined
analysis of the photon- and hadron-induced reactions and
we also provide some general remarks concerning the res-
onances required to reproduce the available data. In
Sec. III, the present results for the free γp → η′p re-
action are discussed in conjunction with the most recent
high-precision CLAS [4] and CBELSA/TAPS [5] data.
In Sec. IV, the analysis of the quasi-free γp → η′p and
γn → η′n reactions is presented. Section V contains
the present results for the NN → NNη′ reaction and
in Sec. VI we present the results for the pion-induced
η′ production πN → η′N . Our summarizing assess-
ment is given in Sec. VII. In Appendix A, our model
for photoproduction as well as for the hadron-induced
reactions NN → NNη′ and πN → η′N are described
briefly for completeness. Some details of how the Fermi
motion of the nucleon inside the deuteron is taken into
account in the present work for describing the quasi-free
photoproduction processes are also given in Appendix A.
Appendix B contains the Lagrangians, form factors, and
propagators that define the individual amplitudes in our
model.
II. GENERAL PROCEDURE AND FINDINGS
In the following sections, we present separate discus-
sions of our results for photon- and for hadron-induced
reactions because this allows us to keep the discussions
focused on the reactions at hand. We emphasize, how-
ever, that the results are based on simultaneous fits to
the available data for the reaction processes considered.
The model assumptions used in describing these re-
actions consistently with each other are given in Ap-
pendix A. In addition to resonance-current contributions,
we consider the nucleonic and meson-exchange (ρ and
ω) currents. For resonances, in particular, the strat-
egy adopted here is to introduce as few resonances as
possible, with parameters adjusted to simultaneously re-
produce the data for the γN → η′N , NN → NNη′,
and πN → η′N reactions via a least-square minimization
procedure. In the present work, we restrict ourselves to
spin-1/2 and -3/2 resonances.
The simultaneous treatment of the available reaction
data provides insights that cannot be obtained by fit-
ting each reaction and/or each data set individually. For
example, considering only the free γp → η′p photopro-
duction data from the CBELSA/TAPS experiments [5],
we can obtain good fits (with χ2/N ∼ 1) with only
one resonance. By contrast, a similarly good fit to the
corresponding high-precision CLAS data [4] requires at
least three resonances. Considering two above-threshold
resonances instead, one obtains χ2/N = 1.7 at best.
Moreover, we find that any one of the above-threshold
three-resonance sets {P11, P13, D13}, {S11, P11, P13}, and
{S11, P13, D13} can reproduce the data equally well. The
remaining combination {S11, P11, D13} is ruled out by the
data according to our good-fit criterion thus indicating
the need for the P13 resonance for reproducing the data.
These findings indicate that in γp→ η′p the cross-section
data alone cannot constrain the set of resonances, even
with high-precision data. By contrast, the three accept-
able sets of resonances given above yield quite distinct re-
sults for the spin observables, in particular, for the beam
asymmetry. These findings corroborate the conclusions
of our earlier work [12].
The ambiguity just discussed with respect to the three
resonance sets found acceptable in the free photopro-
duction process γp → η′p is completely removed once
we include other reactions in our analysis. The set
{P11, P13, D13} is ruled out by the quasi-free γn → η′n
reaction and the set {S11, P13, D13} by the NN → NNη′
reaction. The only remaining acceptable set, therefore, is
{S11, P11, P13}. In addition, we find that to obtain a good
description of NN → NNη′, in particular, we need an
additional below -threshold resonance whose inclusion has
no bearing on the quality of any of the results for other
reactions considered in this work. In summary, there-
fore, a good overall description of all reaction processes
considered in this work is obtained with a (minimum)
set of three above-threshold resonances, {S11, P11, P13},
with the masses of about MR = 1925, 2130, and 2050
MeV, respectively, and one below-threshold P13 reso-
nance. The latter is the four-star P13(1720) quoted in
PDG [16]. The masses of these above-threshold reso-
nances are very well constrained by the existing data, in
particular, by the CLAS photoproduction data [4]. The
CLAS data also constrain reasonably the total widths of
these resonances, although to a lesser extent. Hereafter,
we shall use the notation S11(1925), P11(2130), P13(2050)
to identify these above-threshold resonances, even though
the fitted mass values for the various scenarios discussed
below (see Table I) may differ slightly from these val-
ues. The resonances found in our analysis may be ten-
tatively identified with the corresponding S11(1895)**,
P11(2100)*, and P13(2040)* resonances listed in PDG
[16]. We will discuss the constraints imposed by the in-
dividual reactions in more detail in subsequent sections.
3III. FREE γp → η′p
In this section, we present our results for the free
γp→ η′p reaction. First, we address the issue of possible
discrepancies in the data sets from the CLAS [4] and the
CBELSA/TAPS [5] collaborations. Then, we discuss the
present analysis of these data.
A. Comparison of the CLAS and CBELSA/TAPS
data
The most recent CLAS data [4] and the
CBELSA/TAPS data [5] are compared in Fig. 1.
As one can see, in general the new CLAS and the
CBELSA/TAPS data are consistent for invariant en-
ergies below
√
s ∼ 2.0 GeV within their uncertainties.
For higher energies, however, one sees considerable
discrepancies, by factors as large as 3, between these two
sets of data for η′ emission angles away from the forward
angles. We note that in addition to the statistical errors,
the plots of Fig. 1 include the estimated systematic
errors as quoted in Refs. [4, 5]. These systematic errors
were not included in the data plots given in these
references. The error bars in Fig. 1 were obtained
by adding the systematic errors to the corresponding
statistical errors in quadrature. For the present purpose
of revealing the inconsistencies between these two data
sets, this procedure may be justified, even though one
might need a more thorough error analysis for a fully
quantitative estimate of the total uncertainty in the
data. We mention that for η photoproduction, an even
more pronounced discrepancy between the CLAS and
CBELSA/TAPS data was pointed out in Refs. [4, 5],
however, with no clear identification of the source of
the discrepancy (in this respect, see also Ref. [17]). For
comparison, we show in Fig. 1 also the earlier CLAS
data [3] which are seen to be consistent with the newer
CLAS data.
Leaving out the older CLAS data [3], we show in Fig. 2
the same data as in Fig. 1, however, now with curves that
result from our fit procedure to the new CLAS [4] and
the CBELSA/TAPS [6] data. We will discuss these fit re-
sults in detail in the subsequent Sec. III B. Here, we note
that if we integrate our fit results for the corresponding
angular distributions in Fig. 2, we obtain the total cross
sections shown in Fig. 3 which exhibit markedly different
behavior for the two data sets. First, these results clearly
reveal an energy-dependent relative normalization prob-
lem which increases with increasing energy. We checked,
of course, how much this finding is influenced by the un-
certainties of the fit procedure and we found that other
fits to the data of similar quality, even polynomial fits,
have no effect on our conclusion regarding the normal-
ization problem. Again, a similar finding was observed
for η photoproduction data [4, 5], as was pointed out in
Ref. [17]. Second, the CBELSA/TAPS data exhibit a
pronounced peak structure around 2.05 GeV, while the
total cross-section resulting from the fit to the CLAS data
shows only a relatively flat bump at this energy. The ori-
gin of this pronounced peak structure can be traced back
to the measured cross sections in the CBELSA/TAPS
data bin around 2.052 GeV. We will discuss this struc-
ture in more detail in the following subsection.
B. Analysis of the CLAS and CBELSA/TAPS data
The discrepancy between the CLAS [4] and
CBELSA/TAPS [5] data discussed in the previous
subsection makes it difficult to consider both data sets
as a single set of data for a combined numerical analysis.
Since, at present, we have no clear reason to discard one
data set in favor of the other, we are forced, therefore,
to consider them separately. In view of their differences,
we can expect that the resonance parameters extracted
from these data sets may be quite different from each
other. One of the purposes of this subsection is to see
how different they are.
As mentioned, Fig. 2 shows the independent resulting
fit curves for the CLAS [4] and for the CBELSA/TAPS
[5] data. Both data sets are reproduced with very good
fit quality of χ2/N = 0.62 and 0.56, respectively. The
corresponding model parameter values are displayed in
the two columns subsumed under “free p” in Table I.
The uncertainties in the resulting parameters are esti-
mates arising from the uncertainties (error bars) associ-
ated with the fitted experimental data points. In addi-
tion to the resonance-mass and total-width values, the
table shows the corresponding reduced helicity ampli-
tudes
√
βNη′Aj , where βNη′ denotes the branching ratio
to the decay channel Nη′ and Aj stands for the helic-
ity amplitude with spin j. The mass and total width of
the (four-star) P13(1720) resonance have been fixed at
the respective centroid values quoted in PDG [16]. Also,
the fixed radiative decay branching ratio of βpγ = 0.10%
is well within the range of [0.05-0.25]% quoted in PDG
for this resonance. The analysis of η production pro-
cesses in Ref. [18] yielded a value of βpγ ∼ 0.12%. We
recall that this sub-threshold resonance is required in de-
scribing the NN → NNη′ reaction but not in photo-
production. As such, its contribution is negligible here
(cf. Fig. 4) and, consequently, its parameters are not
well constrained by the present photoproduction data. In
particular, the corresponding reduced helicity amplitudes
quoted in Table I are subject to much larger uncertain-
ties than those indicated there, since the extracted very
small branching ratio βNη′ for this resonance (cf. Ta-
ble III) depends more sensitively on the assumed mass
distribution (see discussion in Sec. V) than the corre-
sponding values for the above-threshold resonances. The
systematic uncertainties arising from such an assumption
are not taken into account in the error numbers given in
Table I. Following Refs. [1, 12], we also set the radia-
tive decay branching ratios for other resonances to be
βpγ = 0.2%. Note that in the present tree-level calcu-
4-0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0
0.05
0.10
0.15
0.20
0.05
0.10
0.15
0.20
0.05
0.10
0.15
0.20
0.05
0.10
0.15
0.20
0.05
0.10
0.15
0.20
-0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0-1.0-0.5 0.0 0.5 1.0
0.00
0.05
0.10
0.15
0.20
 
 
(2277, 2270)
(2275, 2269)
 
 
(2325, 2290)
(2325, 2290)
cos 
 
 
 
(2374, 2310)
(2375, 2310)
 
(1631, 1985)
(1625, 1982)
(1627, 1983)
d
/d
 (
b)
 
(1652, 1995)
 
 
(1695, 2015) (1716, 2025)
(1725, 2029)
(1728, 2031)
(1673, 2005)
(1675, 2006)
(1677, 2007)
 
 
(1738, 2035)
 
  
 
(1803, 2065) (1825, 2075)
(1825, 2075)
(1829, 2077)
 
 
(1759, 2045) (1781, 2055)
(1775, 2052)
(1779, 2054)
(1847, 2085) (1870, 2095)
(1875, 2097)
(1879, 2099)
 
 
 
 
(1949, 2130) (1994, 2150)
(1975, 2142)
(1980, 2144)
 
 
(1903, 2110)
(1925, 2120)
(1930, 2122)
(2040, 2170)
(2025, 2163)
(2029, 2165)
(2087, 2190)
(2075, 2185)
(2079, 2187)
(2134, 2210)
(2125, 2206)
(2129, 2208)
 
 
 
 
(2181, 2230)
(2175, 2228)
(2178, 2229)
(2229, 2250)
(2225, 2248)
(2227, 2249)
(2424, 2330)
(2425, 2330)
(2474, 2350)
(2475, 2350)
 
 
 
  
 
(1506, 1925) (1526, 1935)
(1525, 1934)
(1527, 1935)
(1547, 1945)
 
 
(1588, 1965)
(1575, 1959)
(1577, 1960)
(1609, 1975)
 
 
 
 
  
 
 
 
 
 
 
  
 
 
  
 
 
 
 
 
 
 
FIG. 1. (Color online) Comparison of the CLAS [4] (blue solid circle) and CBELSA/TAPS [5] (red open square) differential
cross-section data for the free γp → η′p reaction as a function of cos θ (where θ is the η′ emission angle in the center-of-
momentum frame) for invariant energies up to
√
s = 2.35 GeV. The earlier CLAS data [3] (black solid square) are also shown.
The numbers in parentheses denote the photon laboratory incident energy (left number) and the total energy (right number) of
the system, with the upper number pair pertaining to the newer CLAS data, the second one to the CBELSA/TAPS experiment,
and (where present) the lower one to the older CLAS data. Note that the energies for different experiments shown in the same
panel are within ±10 MeV.
lation, the results are rather insensitive to the branch-
ing ratios, since they enter the model only through the
total decay widths in the resonance propagator (see Ap-
pendix B 3), in addition to the fact that the results are
sensitive only to the product of the coupling constants
gRNη′gRNγ . In principle, a simultaneous consideration
of photon- and relevant hadron-induced reactions would
enable us to disentangle the individual factors contribut-
ing to this product of coupling constants. However, the
relatively poor quality of the currently existing data for
one of the relevant reactions, πN → η′N (cf. Fig. 13 dis-
cussed in Sec. VI below), does not allow this. We also
note that the pseudoscalar-pseudovector mixing parame-
ters λ (see Appendix B2) are not well constrained by the
data, as the corresponding uncertainties indicate. The
fitted mass values (MR) of the corresponding resonances
found from the CLAS and from the CBELSA/TAPS data
are very close to each other. The same is true for all but
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FIG. 2. (Color online) Same differential cross-section data as Fig. 1 (but without older CLAS data [3]), now with curves
resulting from our fits discussed in Sec. III B. The CLAS data and fit curves are shown as blue solid circles and blue solid
curves, respectively, and the CBELSA/TAPS data and fit curves are depicted as red open squares and red dashed curves,
respectively. The curves are the results of a combined fit of the photon- and hadron-induced reactions data and both include
the set of resonances {P13(1720), S11(1925), P11(2130), P13(2050)} with parameters given in Table I. All other parameter values
that influence the photoproduction reaction directly are also given in Table I.
one of the total widths ΓR of these resonances at the res-
onance energies W = MR. A marked exception is the
P13 resonance for which the CBELSA/TAPS data yield
a much narrower width (cf. Table I), however, with an
associated uncertainty that is very large. We will dis-
cuss this issue in more detail below in connection with
the total cross-section results shown in Fig. 4. The pa-
rameter values for the S11 resonance are practically the
same for both data sets. We emphasize that the CLAS
photoproduction data [4] constrain the masses of the
above-threshold resonances very well. In contrast, the
CBELSA/TAPS data [5] by themselves cannot constrain
these resonance masses because of the overdetermined fit
(recall that CBELSA/TAPS data [5] can be fitted only
with one above-threshold resonance).
The differences in the corresponding individual cur-
rent contributions are better seen in Fig. 4. Comparing
the resonance values found in our fits with those quoted
in PDG [16], our P11(2130), S11(1925), and P13(2050)
may perhaps be identified with the PDG resonances
6TABLE I. Model parameter values that directly affect the photoproduction reaction obtained in a combined analysis of the
photon- and hadron-induced reactions. The values in the columns labeled CLAS and CBELSA/TAPS subsumed under “free p”
correspond to the fit results for the CLAS [4] and CBELSA/TAPS [5] free proton data, respectively. The last row corresponds
to the fit results for the CBELSA/TAPS quasi-free proton data [6] discussed in Sec. IV. Values in boldface were kept fixed
during the fitting procedure. (The fixed mass values for the quasi-free calculation are obtained as averages of the corresponding
CLAS and CBELSA/TAPS values; see text for further explanation.) For the definition of the parameters, see Appendices A
and B. The resonance mass and total width, MR and ΓR, are both in units of MeV, while the reduced helicity amplitude,√
βNη′Aj , is in units of 10
−3GeV−1/2.
free p quasi-free p
CLAS CBELSA/TAPS
χ2/N 0.65 0.53 0.77
gNNη′ 1.00 ± 0.06 1.17± 0.31 1.00± 0.24
λNNη′ 0.53 ± 0.06 0.44± 0.22 0.64± 0.24
Λv [MeV] 1183± 5 1244 ± 35 1221 ± 28
hˆ 3.89 ± 0.18 5.37± 1.57 4.27± 0.89
P13(1720)
MR 1720 1720 1720
ΓR 200 200 200√
βNη′A1/2 0.09 ± 0.03 0.09± 0.06 0.06± 0.11√
βNη′A3/2 −0.16± 0.05 −0.13± 0.09 −0.03± 0.06
P13(2050)
MR 2050± 4 2045± 7 2048
ΓR 140± 10 52+184−52 51+241−51√
βNη′A1/2 −5.71± 0.17 −2.02± 0.26 −3.14± 0.43√
βNη′A3/2 9.89 ± 0.30 7.31± 0.93 5.75± 0.79
S11(1925)
MR 1924± 4 1926 ± 10 1925
ΓR 112± 7 99± 23 145± 45
λ 1.00+0.00
−0.06
1.00+0.00
−0.98
1.00+0.00
−0.95√
βNη′A1/2 −11.84 ± 0.41 −11.07± 1.43 −19.93 ± 1.56
P11(2130)
MR 2129± 5 2123 ± 23 2126
ΓR 205± 12 246± 54 170± 178
λ 1.00+0.00
−0.04
1.00+0.00
−0.61
1.00+0.00
−0.95√
βNη′A1/2 −11.34 ± 0.62 −18.80± 0.90 −7.45± 0.94
P11(2100)
∗, S11(1895)
∗∗, and P13(2040)
∗, respectively.
As mentioned in Sec. II, the cross section data alone in
γp→ η′p cannot constrain the set of resonances uniquely.
We emphasize, however, that acceptable fits of the cross-
section data for this reaction cannot be obtained without
the above-threshold P13(2050) resonance.
Figure 4 displays the individual resonance contribu-
tions to the predicted total cross sections obtained by
integrating the differential cross section results shown in
Fig. 2 for the CLAS (left panel) and CBELSA/TAPS
(right panel) data. Both the nucleonic and mesonic cur-
rents yield similar contributions for both data sets, even
though they are visibly larger for the CBELSA/TAPS
data than for the CLAS data. For resonances, we
see significant differences in their relative contributions.
The P11 resonance contribution is much stronger for
CBELSA/TAPS than for CLAS, which is responsible
for making the full total cross section larger for ener-
gies above W ∼ 2.1 GeV. For both data sets the respec-
tive S11 resonance contributions alone are responsible for
the sharp rise of the full total cross section (red curves)
near threshold, and their corresponding parameter sets
are practically identical. By contrast, the sub-threshold
P13(1720) resonance contribution is negligible.
The clear peak structure in the full total cross exhib-
ited by the CBELSA/TAPS data is produced here by the
above-threshold P13 resonance which is much narrower
for the CBELSA/TAPS data than for CLAS. However,
the uncertainty associated with its width is very large,
as shown in Table I and this width, therefore, is not
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FIG. 3. (Color online) Predictions for the total cross sections
in (free) γp → η′p obtained by integrating the correspond-
ing fit results of the CLAS [4] (dashed blue line) and the
CBELSA/TAPS [5] (solid red line) angular distribution data
as shown in Fig. 2 using the parameters of Table I. The data
are from CBELSA/TAPS [5] obtained by simply integrating
the corresponding differential cross section. They are not in-
cluded in the fit.
well constrained. We recall here that the total cross-
section data were not fitted, so the peak structure found
in the calculated results is a consequence of the fit re-
sults of the angular distribution data as shown in Fig. 2.
The origin of this large uncertainty in the width can be
traced back to the CBELSA/TAPS measured differential
cross-sections at one particular energy only, namely at
W = 2.052 GeV, which coincides with the P13 resonance
whose position is fixed very well within our fits with very
small errors for both data sets. In view of the large er-
ror for the P13 width for the CBELSA/TAPS data, there
is no physical significance in finding the peak structure
shown in Fig. 4. In fact, manually changing the width
from 52 to 140 MeV, similar to the width found for the
CLAS data, largely smoothes out the peak resulting in
an overall χ2/N only a few percent worse than what is
reported in Table I.
The main conclusion regarding the discrepancy be-
tween the CLAS [4] and CBELSA/TAPS [5] data as ex-
hibited in Fig. 1 is that the larger cross-section yield of
the CBELSA/TAPS data at higher energies results in a
larger P11 resonance contribution compared to the CLAS
data (compare, in particular, the corresponding reduced
helicity amplitudes in Table I). This alone largely leads
to the enhancement of the CBELSA/TAPS total cross
section over the CLAS results seen in Fig. 3 for energies
above W ∼ 2.1GeV. For future analyses, it is impor-
tant to resolve this discrepancy in the findings of the
CLAS and CBELSA/TAPS experiments if one is to ob-
tain more definitive answers about these above-threshold
resonances.
Figure 5 illustrates the contributions of the ρ- and
ω-meson exchanges to the total mesonic current. De-
pending on their relative sign, one obtains constructive
(red solid curves) or destructive (magenta dotted curves)
interference. The motivation for showing this detail
here is that the MAID group [19] employ ρ and ω cou-
pling constants in their Regge contribution correspond-
ing to a destructive interference very close to the result
shown here for a destructive interference. By contrast, in
our present calculations we have a constructive interfer-
ence between the ρ- and ω-meson contributions following
Refs. [1, 12]. Obviously, one gets different resonance pa-
rameters whether the interference for this mesonic back-
ground is constructive or destructive. As can be seen
from Fig. 5, in the former case, the total mesonic cur-
rent (red solid curves) is relatively large at forward an-
gles, while in the latter case (magenta dotted curves), it
is much smaller over the entire angular range. In our
model, the ρ and ω coupling constants (including the re-
spective signs) are determined from the measured decay
widths and the SU(3) symmetry considerations in con-
junction with the OZI rule (cf. Refs. [1, 12]) which leads
to a constructive interference. We were unable to iden-
tify how the signs of the ρ- and ω-meson contributions
were determined in Ref. [19].
IV. QUASI-FREE γN → η′N
In this section, the quasi-free photoproduction pro-
cesses γp → η′p and γn → η′n are discussed. They are
evaluated by folding the corresponding cross sections for
the free processes with the momentum distribution of the
target nucleon in the deuteron as described in Appendix
A [cf. Eq. (A8)].
We first compare in Fig. 6 the quasi-free γp → η′p
cross-section data obtained by the CBELSA/TAPS Col-
laboration [6] with the corresponding free γp→ η′p data
from Refs. [4, 5]. We note that, as for the free γp→ η′p
data, the uncertainties in the quasi-free data shown here
include both the statistical and systematic errors added
in quadrature. The latter errors were quoted in Ref. [6]
but were not included in the data shown in that refer-
ence. Here, one sees that the quasi-free data practically
coincide with the free data within their uncertainties for
most of the angles and energies, although one sees some
tendency for stronger angular dependence at a few ener-
gies. However, this does not necessarily mean that the
free and quasi-free data are compatible with each other
as discussed below. It is also interesting to note that,
overall, the quasi-free CBELSA/TAPS data are more
in line with the free CLAS data [4] than with the free
CBELSA/TAPS data [5], a feature that has been also
pointed out in Ref. [6].
If the quasi-free hypothesis holds true, one would ex-
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FIG. 4. (Color online) Total cross sections with individual (nucleonic, mesonic, and resonance) current contributions. The left
panel (pannel (a)) results from the fit to the CLAS data while the right panel (pannel (b)) pertains to the CBELSA/TAPS
data. The corresponding parameters are given in Table I. The peak structure at 2.05 GeV for the latter data is solely due to
the narrow P13(2050) resonance.
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FIG. 5. (Color online) Effects from ρ and ω exchanges. The red solid line is the constructive sum of the ρ (green dashed) and
ω (black dash-dotted) contributions, while the magenta dotted line is the destructive sum of ρ and ω.
pect that the Fermi motion of the target nucleon in-
side the deuteron smears out the energy dependence of
the free cross section. This then should affect more the
cross section at low energies where one usually observes a
strong energy dependence in the corresponding free cross
section (cf. Fig. 3). At higher energies, where the en-
ergy dependence of the corresponding free cross section
becomes weaker, the Fermi-motion smearing should have
very little effect on the cross section. Therefore, based
on the free total cross section results shown in Fig. 3, it
is conceivable to expect the Fermi motion to affect the
cross section up to about W ∼ 2 GeV. However, this is
not what we observe in Fig. 6, where the quasi-free and
free data still coincide with each other down to the low-
est energy (W = 1.935 GeV) for which the free data are
available. It would be interesting to also have data for
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FIG. 6. (Color online) Comparison of the quasi-free γp → η′p differential cross-section data from CBELSA/TAPS [6] (open
green squares) with the corresponding free data from CBELSA/TAPS [5] (solid red squares) and from CLAS [4] (solid blue
circles).
the free process for lower energies closer to the threshold
energy (at 1.896 GeV) to see the energy region where
Fermi motion is relevant in this reaction.
Figure 7 shows the same quasi-free γp → η′p differ-
ential cross-section data as in Fig. 6, but now with our
results. The cyan dashed curves are obtained by simply
folding the fit results of the free CBELSA/TAPS data [5]
shown in Fig. 2 with the momentum distribution of the
proton inside the deuteron according to Eq. (A8), and
the olive short-dashed curves correspond to the analo-
gous results obtained for the free CLAS data [4]. There
are no extra fit parameters here; the parameters are all
pre-determined by our fits of the free γp→ η′p reaction.
First, we see that the differences between the two sets of
results obtained by folding are much smaller than what
we observed in Fig. 2 for the free process at low ener-
gies. Here, the Fermi motion may be smearing out the
differences observed there. Comparing with the data,
we see that the present model predictions are overall
fairly reasonable considering the fact that there are no
free parameters to fit. We reiterate here, however, that
the quasi-free data exhibit a stronger angular dependence
for some energies, a finding already pointed out in con-
nection with the discussion of Fig. 6. Also, the present
predictions seem to exhibit a slight tendency to under-
estimate the lower-energy quasi-free data. This feature
will be clearer as discussed below. The prediction corre-
sponding to the fit result of the free CBELSA/TAPS data
[5] (cyan dashed curves) tends to overpredict the data at
some higher energies. Overall, the fits of the folded free
CLAS [4] and CBELSA/TAPS [5] data have an increased
χ2/N of 1.4 and 2.5, respectively.
The red solid curves in Fig. 7 correspond to the fit re-
sults of the quasi-free data also obtained via Eq. (A8).
The resulting parameters for this fit are shown in the
right-most column of Table I for a direct comparison
with those resulting from the free data fit. Here, the
resonance mass values were fixed to be the average of the
fit results of the free CLAS and CBELSA/TAPS data,
since they are well determined by these free data. As
can be seen, the fitted values of the other parameters are
close to the corresponding values obtained from the fit
of the free data as expected for the quasi-free process.
The only notable difference is in the reduced helicity am-
plitudes,
√
βNη′Aj , for the spin-1/2 resonances. For the
P11(2130) resonance, the value is much closer to the free
CLAS result, which is understandable because at higher
energies, the quasi-free data are much closer to the free
CLAS data than to the free CBELSA/TAPS data. This
might indicate a possible normalization problem in the
10
-0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0
0.06
0.12
0.18
0.24
-1.0-0.5 0.0 0.5 1.0
0.00
0.06
0.12
0.18
0.24
-0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0
0.06
0.12
0.18
0.24
-0.5 0.0 0.5 1.0
 
cos 
(2225, 2248)
 
 
(2300, 2280)
 
 
(2450, 2340)
 
(1625, 1982)
 
(1675, 2006)
 
 
(1725, 2029)
 
 
(1775, 2052)
 
d
/d
 (
b)
 
 
 
 
(1825, 2075) (1875, 2097) (1925, 2120) (1975, 2142)
 
 
 
  
 
(2025, 2163)
(2075, 2185) (2125, 2206) (2175, 2228)
  
 
 
 
 
 
 
(1475, 1910) (1525, 1934) (1575, 1959)
 
 
FIG. 7. (Color online) Comparison of the quasi-free γp → η′p differential cross-section CBELSA/TAPS data of Fig. 6 with
theoretical results obtained via Eq. (A8). The data [6] are represented here by solid (blue) squares. The (cyan) dashed and the
(olive) short-dashed curves are obtained by respectively folding the CBELSA/TAPS and the CLAS fits of Fig. 2. The latter
two folded fits have no extra parameters. The (red) solid curves provide the fit results of the quasi-free data, also obtained by
using Eq. (A8). The parameters of this fit are given in the right-most column of Table I.
free CBELSA/TAPS data at higher energies. For the
S11(1925) resonance, the reduced helicity amplitude is
almost a factor of 2 larger than the corresponding values
extracted from the free data. As can be seen in Fig. 7,
this is also easy to understand; the fit simply tries to
enhance the cross section at lower energies, where the re-
sults obtained by folding the free cross sections without
any fit parameters tend to underestimate the data.
Summarizing the discrepancies between quasi-free data
and the Fermi-folded free cross sections, we find that the
folded free results tend to underestimate the quasi-free
data at lower energies and for higher energies, we find
that, if anything, the folded free results are above the
quasi-free results for some energies, in particular for the
CBELSA/TAPS results. There might be two possible
causes for this energy-dependent difference between the
theoretical folding procedure and the corresponding ex-
perimental analysis: (i) Our prescription for accounting
for the Fermi motion is not quite adequate [see Appendix
A2, in particular, Eq. (A8)]. This prescription, however,
works quite well for η photoproduction [20, 21] where
there is a much stronger energy dependence in the cross
section close to threshold. To test how sensitive the re-
sults are on the details of the folding procedure, we have
also employed the alternative prescription of Eq. (A7)
which treats the total energy available to the γp → η′p
subsystem differently from Eq. (A8) (for details, see Ap-
pendix A2), and we found no appreciable differences. (ii)
The quasi-free data contain additional nuclear effects at
lower energies which cannot be adequately described by
the simple folding procedure. In fact, our calculation
shows in Fig. 7 that the effect of Fermi folding can be
seen for energies up to about 2 GeV, while the direct
comparison of quasi-free and free data in Fig. 6 do not
show this effect for energies down to the lowest energy
of 1.934 GeV available for the free data. We note in
this context that to force the theoretical folding results
to agree with the quasi-free data at lower energies, we
would need to drastically cut the higher-momentum part
of the deuteron wave function. Further investigation are
necessary to find out which of these two possible causes
applies here — or perhaps even a combination of both.
One purpose of fitting the quasi-free data here is to
have a quasi-free proton result on the same footing as
the quasi-free neutron result, since the latter has to be
fitted to the corresponding quasi-free data to fix the reso-
11
-0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0
0.06
0.12
0.18
0.24
-1.0-0.5 0.0 0.5 1.0
0.00
0.06
0.12
0.18
0.24
-0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0
0.06
0.12
0.18
0.24
-0.5 0.0 0.5 1.0
 
cos 
(2225, 2250)
 
 
(2300, 2281)
 
 
(2450, 2342)
 
(1625, 1984)
 
(1675, 2008)
 
 
(1725, 2031)
 
 
(1775, 2054)
 
d
/d
 (
b)
 
 
 
 
(1825, 2077) (1875, 2099) (1925, 2121) (1975, 2143)
 
 
 
  
 
(2025, 2165)
(2075, 2187) (2125, 2208) (2175, 2229)
 
 
 
 
 
 
 
  
 
(1475, 1912) (1525, 1936) (1575, 1960)
 
 
FIG. 8. (Color online) Fit results for the differential cross section of the quasi-free γn → η′n reaction as a function of cos θ
(where θ is the η′ emission angle in the center-of-momentum frame) for energies up to
√
s = 2.35 GeV. The data are from
CBELSA/TAPS [6].
nance transition electromagnetic couplings. In this way,
quantities such as the ratio of the neutron and proton
branching ratios will be free of possible unwanted effects
which may distort the results otherwise.
In Fig. 8 we show the results for the quasi-free γn →
η′n reaction. As mentioned in Sec. II, incorporating this
reaction in our combined analysis rules out the set of
above-threshold resonances {P11, P13, D13} which other-
wise for the free γp → η′p reaction reproduces the data
just as well as the set {S11, P11, P13}. Overall, we re-
produce the quasi-free γn → η′n data reasonably well,
with χ2/N = 0.82. The calculation requires adjusting
free resonance-neutron-γ (Rnγ) coupling constants that
need to be determined through the combined fit of the
photon- and hadron-induced reaction data. Table II dis-
plays the resulting values. For the P13(1720) resonance,
we obtain βnγ = 0.016% which is at the upper limit of
the range of [0.0 - 0.016]% quoted in PDG [16]. We note
that, as in the free γp → η′p case, here the parame-
ters associated with this sub-threshold resonance are not
well constrained by the data. In Table II, we also give
the ratio of the neutron-to-proton branching ratios. The
sign of this ratio reflects the relative sign in the corre-
sponding neutron and proton electromagnetic coupling
constants. Although the branching ratios may be subject
TABLE II. Electromagnetic couplings extracted from the
CBELSA/TAPS quasi-free neutron data [6] in a global fit
of the photon- and hadron-induced reactions data. The cor-
responding branching ratios of resonances decaying into nγ
and pγ, βnγ/βpγ , are listed in the last row. The sign of this
ratio reflects the relative sign in the corresponding neutron
and proton electromagnetic coupling constants.
P13(1720) P13(2050) S11(1925) P11(2130)√
βNη′A1/2 0.04 0.94 15.54 7.60√
βNη′A3/2 −0.00 −1.64 — —
βnγ/βpγ 0.32 −0.09 −0.61 −3.06
to a considerable ambiguity since, as discussed in the pre-
vious section, only the product of the coupling constants
gRNη′gRNγ is well determined in the present calculation,
the ratio βnγ/βpγ is free of such an ambiguity.
V. NN → NNη′
In this section, we discuss our results for the nucleon-
induced reaction NN → NNη′ obtained from the com-
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TABLE III. The (hadronic) parameter values as determined from the combined fit to the γN → η′N (parameter values given
in Table I, free p CLAS), piN → η′N , and NN → NNη′ reaction data. The values in boldface were kept fixed during the fit
procedure. The values in square brackets for the branching ratios are the PDG quotes. (gNNη′ , λ) = (1.00, 0.53).
parameters S11(1925) P11(2130) P13(1720) P13(2050)
MR ( MeV) 1924 2129 1720 2050
ΓR (MeV) 112 205 200 140
βNη′ (%) 6 3 0.09 2
βNpi (%) 22 25 [11 ± 3] 16 25
βNη (%) 4 [61± 60] 0.5 [4.0± 1.0] 9 0.03
βNρ (%) 22 62 [70-85] 75 37
βNω (%) 47 13 2 36
(gRNη′ , λ) (0.68, 1.00) (1.77, 1.00) (1.20, —) (1.38, —)
(gRNpi, λ) (-0.36, 1.00) (-1.28, 1.00) (-0.17, —) (-0.12, —)
(gRNη, λ) (-0.28, 0.81) (-0.35, 0.34) (-1.50, —) (-0.04., —)
(g
(1)
RNρ, g
(2)
RNρ, g
(3)
RNρ) (-2.42, 0.04, —) (2.58, -0.14, —) (-23.63, 54.09, 16.72) (0.50, 9.10, 28.66)
(g
(1)
RNω, g
(2)
RNω, g
(3)
RNω) (1.02, -1.70, —) (2.47, 0.53, —) (-27.64, 138.87, -318.85) (-3.19, -16.75, -36.39)
bined analysis of this reaction together with the πN →
η′N and γN → η′N reactions. As mentioned in Sec. II,
we find that among the spin-1/2 and -3/2 resonances
considered in this work, the set of above-threshold reso-
nances {S11, P11, P13} plus the sub-threshold P13(1720)
resonance yields the best fit to all the available η′ pro-
duction data in the energy range considered in this work
for photon- and hadron-induced reactions. The sub-
threshold P13(1720) resonance, in particular, is required
to help reproduce the observed shape of the η′ angu-
lar distribution at the excess energy of Q = 46.6 MeV
measured by the COSY-11 Collaboration [10]. We re-
call here that in the present analysis, the mass of the
sub-threshold P13 as well as its width were fixed at the
outset at the centroid values of the P13(1720)
∗∗∗∗ quoted
in PDG [16]. As has been mentioned in Sec. II, we also
note that the NN → NNη′ reaction rules out the set of
above-threshold resonances {S11, P11, D13} which fits the
photoproduction data as well as the set {S11, P11, P13}.
As discussed later in connection with the invariant pp
mass distribution in Fig. 12, the set {S11, P11, D13} is
unable to reproduce the measured invariant pp mass dis-
tribution. In the following, for simplicity, we restrict
ourselves to the results obtained in conjunction with the
CLAS photoproduction data (cf. Table I, column labeled
“free p” CLAS) because the results corresponding to the
other parameter sets shown in Table I can fit the NNη′
data equally well.
The set of the parameter values of the present model
that directly affect the hadronic processes is displayed in
Table III. The values result from the combined fit of the
η′ production in photon- and hadron-induced reactions.
The resonance partial decay widths were calculated by
folding the partial decay widths for a given decaying reso-
nance mass and a given emitted meson mass with the cor-
responding mass distributions. For the latter, we assume
Gaussian distributions with widths given by the corre-
sponding total widths of the resonance and of the meson.
The branching ratio βNη′ for the sub-threshold P13(1720)
resonance is extremely small because this arises only from
the far (upper) tail of its mass distribution. As such, it
is subject to considerable uncertainties. In the present
work, the resonance coupling constants cannot be deter-
mined uniquely because the available data for η′ pro-
duction are not sufficient to impose more stringent con-
straints. In particular, the lack of pn → pnη′ data —
there exist only three upper-limit total cross-section data
points (see Fig. 9) — makes it difficult to constrain quan-
titatively the relative contributions of the isoscalar (η, ω)
and isovector (π, ρ) meson exchanges. It is also clear that
one needs to consider meson-production reactions other
than η′ production to better constrain the relevant cou-
pling constants.
Our result for the pp → ppη′ total cross section is
shown in Fig. 9. We see that the data are nicely re-
produced over a wide range of excess energy. The dy-
namical content of the present model is also displayed.
One sees that the spin-1/2 and -3/2 resonance contri-
butions [in Fig. 9, N11 = S11(1925) + P11(2130) and
N13 = P13(1720) + P13(2050), respectively] have differ-
ent energy dependencies. In the lower excess-energy re-
gion, the spin-1/2 resonance contribution is only slightly
smaller than the spin-3/2 resonance contribution, but as
the energy increases, the spin-3/2 resonance contribu-
tion starts to dominate. Here, the dominant spin-3/2
resonance contribution is due to the P13(2050), while
the dominant spin-1/2 resonance contribution is from the
S11(1925) resonance. Although the overall relative N11
and N13 resonance-set contributions are well determined,
the individual spin-1/2 and -3/2 resonance contributions
13
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FIG. 9. (Color online) Total cross sections for pp → ppη′
(panel (a)) and pn → pnη′ (panel (b)) as functions of the
excess energy Q ≡ √s−√s0, where √s0 = 2mN +mη′ . The
results (blue solid curves) correspond to the parameter set
determined in conjunction with the fit to the γN → η′N and
piN → η′N data. For ppη′, the individual current contribu-
tions are also show: nucleonic current (red dashed curve),
mesonic current (green dash-dotted), N11 = S11(1925) +
P11(2130) resonance current (magenta dash-double-dotted),
N13 = P13(1720) + P13(2050) (maroon dotted). The ppη
′
data are from Refs. [8–10]; the pnη′ data, which are upper
limits, are from Ref. [11].
within the set are not well constrained by the existing
data, which is the reason why we only show the contribu-
tions of the sums of the spin-1/2 (N11) and the spin-3/2
(N13) resonances. The nucleonic and mesonic currents
yield contributions that are much smaller than those of
the resonances in the entire excess-energy range shown in
Fig. 9. The result for the pn → pnη′ total cross section
is also shown in Fig. 9. The pnη′ together with the ppη′
reactions helps constraining the isoscalar- and isovector-
meson couplings (here, M = π, η, ρ, ω) to the resonances.
Unfortunately, only the upper limit of the cross section
in a limited energy range is currently available for the
pnη′ process. Therefore, the isoscalar-isovector meson
exchange content of the present model is subject to this
limitation in the existing data.
The results for the η′ angular distribution in pp→ ppη′
at the excess energies of Q = 46.6 and 143.8 MeV are
shown in Fig. 10. The data are reproduced very well.
We recall that the sub-threshold P13(1720) resonance is
needed to reproduce the experimentally observed η′ an-
gular distribution, especially, at Q = 46.6 MeV. Here,
one might regard this resonance as simulating some miss-
ing background in the present model. In this connection,
however, we mention that this resonance is the closest
known resonance to threshold that helps to reproduce
the measured angular distribution. In the left-hand-side
column, at Q = 46.6 MeV, we see that the angular dis-
tribution is dominated by the η′ in the s-wave due to
the completely dominant transition 3P0 → 1S0s. At
the higher energy of Q = 143.8 MeV, the s-wave con-
tribution still dominates to a large extent, leading to a
nearly flat angular distribution as exhibited by the data,
even though the 3P0 → 1S0s partial-wave contribution is
somewhat smaller at this high energy than at the lower
energy of Q = 46.6 MeV. As can be seen in the panels
on the right-hand-side column in Fig. 10, the flat angu-
lar distribution, especially at higher energy, is achieved
in the present model by an interference among different
currents, in particular, between the spin-1/2 and -3/2
resonance currents.
In Fig. 11, the result for the pη′ invariant mass distri-
butions at an excess energy of Q = 16.4 MeV is shown.
The data are reproduced well.
The pp invariant mass distribution together with the η′
angular distribution poses a relatively strict constraint on
the set of resonances, provided they are above-threshold
resonances. In particular, the set of above-threshold res-
onances {S11, P11, D13}, which describes the photopro-
duction data as well as the set {S11, P11, P13}, is unable
to reproduce the higher energy region of the measured
pp invariant mass distribution by the COSY-11 collabo-
ration [7].
As we shall discuss below, the present result for the
pp invariant mass distribution in pp→ ppη′ reaction has
an interesting implication on the issue of the reaction
mechanisms in the pp→ ppη reaction. In the latter reac-
tion, there has been observed a significant enhancement
of the cross section for larger pp invariant mass values
compared to that given by the phase-space plus the pp
FSI [22, 23]. One of the possible explanations for this en-
hancement is the relatively strong Nη FSI. However, as
pointed out in Ref. [7], the shape of the pp invariant mass
distribution data in ppη at Q = 15.5 MeV is practically
the same as that of ppη′ shown in Fig. 12. Since the Nη′
FSI is much smaller than the Nη FSI, the explanation of
the enhancement based on the Nη FSI was ruled out in
pp → ppη in Ref. [7]. In Ref. [24], an alternative expla-
nation, based on the higher partial-wave (final state P -
wave) contribution, was proposed, together with a way to
verify this proposed mechanism in a model-independent
manner. Yet another explanation is the energy depen-
dence of the basic production amplitude J [cf. Eq. (A9)]
as proposed in Ref. [25].
Figure 12 shows our results for the pp invariant mass
distribution in pp → ppη′ revealing a good agreement
with the COSY-11 data [7]. In the left panel of Fig. 12
one sees that the pp invariant mass distribution is prac-
tically exhausted by the 3P0 → 1S0s partial wave. This
is quite surprising in view of the findings of Ref. [24]
mentioned above, where a significant final-state P -wave
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FIG. 10. (Color online) η′ angular distribution in pp → ppη′ in the center-of-momentum frame of the system for two excess
energies of Q = 46.6 (panels (a) and (b)) and 143.8 MeV (panels (c) and (d)). The results (blue solid curves) correspond to
the parameter set determined in conjunction with the fit to the η′ photoproduction. The panels (a) and (c) in left hand-side
column show the contributions from the partial waves 3P0 → 1S0s (red dashed curve), sum of the s-wave (l = 0) η′ (green
dash-dotted), s + p -waves (l = 0, 1) (maroon dash-double-dotted), and s + p + d -waves (l = 0, 1, 2) (magenta dotted). The
panels (b) and (d) in the right-hand-side column show the nucleonic+mesonic currents (red dashed), the spin-1/2 resonances
(green dash-dotted), the spin-3/2 resonances (maroon dash-double-dotted), and the sum of the spin-1/2 and -3/2 resonances
(magenta dotted) contributions. The data are from the COSY-11 collaboration (46.6 MeV) [10] and from DISTO (143.8 MeV)
[9].
contribution was found in the higher pp invariant mass
region in the pp→ ppη reaction. The present finding im-
plies that the S-wave basic production amplitude (J) in
the present model should have an energy dependence as
proposed in Ref. [25], since the pp invariant-mass depen-
dence introduced by the pp FSI is not enough to account
for the enhancement of the measured pp invariant-mass
distribution at larger invariant masses. This finding tells
us that the conclusion reached in Ref. [7] ruling out the
Nη FSI as a possible source of the enhancement in the pp
invariant mass distribution at larger invariant mass val-
ues based on the comparison of the corresponding shapes
in ppη and ppη′ has to be taken with caution since there
might be different mechanisms operating in these reac-
tions as shown explicitly here in Fig. 12. At this stage,
it is natural to ask what the underlying dynamics is in
the S-wave contribution that accounts for the enhance-
ment of the pp invariant mass distribution at larger in-
variant mass values in pp → ppη′ as compared to that
in the pp → ppη reaction, where the enhancement arises
from the 1S0 → 3P0s partial wave. In the right panel
of Fig. 12, we show the individual current contribution
to the pp invariant mass distribution. We see that the
enhancement at higher values of invariant mass is largely
due to the constructive interference between the spin-
1/2 (green dash-dotted curve) and the spin-3/2 (maroon
dash-double-dotted curve) resonance contributions. The
present model prediction for pp invariant-mass distribu-
tion at a higher excess energy of Q = 46.6 MeV is shown
in the left panel of Fig. 13. Here one sees an onset of the
1D2 → 3P 2s contribution. This result together with the
result in Fig. 12 reveal that the P -wave contribution in
pp → ppη′ is much smaller than that in pp → ppη. For
a close comparison with the pp invariant mass distribu-
tion in the pp → ppη reaction at higher excess energies,
we show in the right panel of Fig. 13 the corresponding
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results at Q = 41 MeV from Ref. [24]. Here we see a
striking difference between the model results for the two
reactions. In pp→ ppη, there is a very large enhancement
in the pp invariant mass distribution at higher invariant
mass values due to the 1S0 → 3P0s partial wave con-
tribution. By contrast, this partial wave contribution is
minimal in the pp → ppη′ reaction. It would be very in-
teresting to have measurements of the pp invariant mass
distribution at this excess energy in pp → ppη′ to ver-
ify the present model prediction. Obviously, these are
model-dependent results. As such, it will be very inter-
esting to verify them in a model-independent manner as
pointed out in Ref. [24].
VI. piN → η′N
Experimental data for the πN → η′N reaction are
scarce. The only available data are the total cross sec-
tions for π−p → η′n and π+n → η′p [26–28] which are
subject to large uncertainties, as can be seen in Fig. 14.
Notwithstanding the fact that these data offer little con-
straints for the model parameters, they were included in
the global fit and the corresponding fit results are also
shown in Fig. 14. We note here that within the present
model the results for π−p→ η′n and π+n→ η′p are iden-
tical. An interesting feature of the present model result is
the double-bump structure caused by the S11(1925) and
an interplay of the P13(2050) and P11(2130) resonances
(cf. Table III). The S11(1925) resonance is just about 20
MeV above threshold. In view of their large uncertain-
ties, the currently existing data shown in Fig. 14 can
indeed accommodate such a structure, however, clearly
more accurate data are needed for a definitive answer.
If experimentally corroborated, such a bump structure
would rule out the sub-threshold resonance-dominance
assumption of Ref. [29], where S11(1535) resonance dom-
inance is assumed to describe both the πN → η′N and
NN → NNη′ cross-sections data since it is not possi-
ble to generate any bump structure from sub-threshold
resonances alone.
VII. SUMMARY
In the present work, we have revisited the theoreti-
cal description of η′ production in photon- and nucleon-
induced reactions to take into account the recent addi-
tions of accurate data to the corresponding world data
base [4–7, 11]. All of the currently available data in
the resonance-energy region considered in this work are
nicely reproduced within the present model in a combined
analysis of the reactions γN → Nη′, NN → NNη′, and
πN → η′N . Considering only spin-1/2 and -3/2 reso-
nances, we have found that the data are reproduced with
a minimum of four resonances, i.e. P13(1720), S11(1925),
P11(2130), and P13(2050). The P13(1720) is a four-star
resonance listed in PDG [16], and the later three res-
onances can be tentatively identified with the two-star
S11(1895), one-star P11(2100), and one-star P13(2040) as
listed in PDG [16]. All three above-threshold resonances
quoted above are essential for achieving the fit quality
obtained in this work. Leaving out any one of them de-
teriorates the fit quality considerably. The high-precision
CLAS photoproduction data [4] constrain the masses of
the above-threshold resonances very well.
We emphasize that, given the absence of spin-
observable data, only the combined analysis in the
present work of recently obtained high-precision cross-
section data across different reactions enabled us to im-
pose sufficient constraints to unambiguously determine a
minimum set of spin-1/2 and -3/2 resonances. Incor-
poration of more resonances, especially of higher-spin
resonances, requires experimental data on spin observ-
ables. Currently, the beam asymmetry and the beam-
target asymmetry in γp → η′p are being measured by
the CLAS Collaboration [13] and CBELSA/TAPS Col-
laboration [14], respectively.
In the free γp → η′p reaction, there is a signifi-
cant discrepancy between the most recent CLAS [4] and
CBELSA/TAPS [5] data. Since currently there is no
clear reason to discard one set in favor of the other, these
two data sets lead to differences in the extracted res-
onance parameters depending on which set is used for
the analysis. The major difference is in the extracted
coupling strength of the P11(2130) resonance, where the
CBELSA/TAPS data [5] yield a much larger coupling
than the CLAS data [4] due to the larger cross sections
exhibited by the CBELSA/TAPS data at higher energies.
The quasi-free γp → η′p and γn → η′n reactions
have been also considered as a part of the combined
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analysis of the photon- and nucleon-induced reactions.
The latter (quasi-free) reaction helps to constrain the set
of above-threshold resonances. Overall, these reactions
were reasonably well described by folding the cross sec-
tions of the corresponding free processes with the Fermi
distribution of the nucleon inside the deuteron. The ra-
tio of the neutron to proton electromagnetic couplings
for the considered resonances were extracted. Overall,
the CBELSA/TAPS proton quasi-free data [6] coincide
with the proton free data within their uncertainties for
most of the angles and energies, although the quasi-free
data are more in line with the free CLAS data [4] than
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with the free CBELSA/TAPS data [5] at higher energies,
where the effect of the Fermi motion of the nucleon in-
side the deuteron is expected to have faded out. This
might be an indication of a possible problem with the
CBELSA/TAPS proton free data [5]. At lower energies,
down to W = 1.935 GeV, the lowest energy for which
the proton free data exist, the data of Ref. [6] show no
sign of the Fermi-motion effect, while the present model
calculation exhibits this effect up toW ∼ 2 GeV. Further
studies are necessary to identify the cause of this seeming
discrepancy between the data and the model result.
We found that the existing photon-induced reac-
tions themselves can be described by a set of three
above-threshold resonances. However, the photoproduc-
tion data alone cannot constrain the set of resonances
uniquely. In the present analysis, we also incorporate the
pp invariant mass distribution data in the NN → NNη′
reaction to obtain a restriction to a single set of above-
threshold resonances. The data clearly require the above-
threshold P13(2050) resonance. Furthermore, the η
′ an-
gular distribution data in this reaction cannot be de-
scribed adequately without the sub-threshold P13(1720)
resonance. Clearly, these findings illustrates that meson
productions in NN collisions can help impose constraints
on the resonances. As pointed out in Ref. [12], spin ob-
servables in η′ photoproduction, in particular the beam
asymmetry, are much more sensitive to the details of the
model than are the cross sections. We also expect that
the analyzing power in NN → NNη′ is sensitive to the
excitation mechanism of a given resonance, as is the case
for the NN → NNη reaction [30]. Also, in view of the
contrasting results in pp→ ppη and pp→ ppη′ reactions
shown in Fig. 13, it will be very interesting to measure
the pp invariant mass distribution at an excess energy of
Q ∼ 45 MeV in the latter reaction to learn more about
the possible production mechanism(s) in this reaction.
As has been pointed out in Refs. [1, 12], the determina-
tion of the coupling strength of η′ to nucleon is of special
interest, particularly, in connection to the so-called nu-
cleon spin crisis. In Ref. [12], based on the then available
data, we estimated the upper limit of the NNη′ coupling
constant to be gNNη′ . 2. From the present analysis,
with much higher precision data, we now expect this cou-
pling constant to be not much larger than gNNη′ ≈ 1, as
can be seen from Table I.
Finally, even though the hadronic final-state interac-
tions in the reactions γN → η′N and πN → η′N was
not considered explicitly in the present work, it has been
accounted for effectively through the generalized contact
current of the photoprocess. In principle, the η′N FSI
should be determined in a dynamical coupled channels
approach, such as that of Ref. [31]. However, this is cur-
rently not an easy task in practice because the scarcity
of the relevant data in the η′N channel restricts severely
the determination of the FSI in this channel with rea-
sonable accuracy. In this connection, spin observables –
such as the target asymmetry in photoproduction – may
be of particular relevance to help determine the FSI [18].
ACKNOWLEDGMENTS
The authors thank V. Crede, I. Jaegle, B. Krusche, L.
Tiator, and M. Williams for fruitful discussions. F.H. is
grateful to Profs. Zong-Ye Zhang and Bing-Song Zou for
their hospitality during his visit in the Institute of High
Energy Physics, Chinese Academy of Sciences, where
part of this work was completed. This work was sup-
ported by the FFE-COSY Grant No. 41788390 (COSY-
58).
Appendix A: Formalism
The formalism used in the present work is the same
as that of Refs. [1, 12]. For completeness, we provide
here a brief description of this approach whose dynamical
content is summarized by the graphs of Figs. 15 and 17.
1. Free photoproduction
For the η′ photoproduction, we employ the tree graphs
of Fig. 15 with form factors at the vertices to account
for their hadronic structure. The gauge invariance of
this production current is ensured by a phenomenological
contact current that accounts for the effects of the final-
state interaction current not taken into account explicitly
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N for the nucleon, and R for the S11 and P11 resonances. The
intermediate mesons in the t-channel are ρ and ω. The ex-
ternal legs are labeled by the four-momenta of the respective
particles and the labels s, u, and t of the hadronic vertices cor-
respond to the off-shell Mandelstam variables of the respective
intermediate particles. The three diagrams in the lower part
of the diagram are transverse individually; the three diagrams
in the upper part are made gauge-invariant by an appropri-
ate choice (see text) of the contact current depicted in the
top-right diagram. The nucleonic current (nuc) referred to in
the text corresponds to the top line of diagrams; the meson-
exchange current (mec) and resonance current contributions
correspond, respectively, to the leftmost diagram and the two
diagrams on the right of the bottom line of diagrams.
[32, 33]. Following Refs. [32, 33], the generalized contact
current Mµc is chosen to be
Mµc = ΓNNη′(q)C
µ, (A1)
where ΓNNη′ stands for the NNη
′ vertex operator, with-
out the corresponding isospin operator and the form fac-
tor. The latter enter the auxiliary current Cµ that is
given by
Cµ = −ef (2p
′ − k)µ
u− p′2 (fu − Fˆ )− ei
(2p+ k)µ
s− p2 (fs − Fˆ ),
(A2)
with k, p, and p′ denoting the four-momenta of the in-
coming photon, initial nucleon and final nucleon, respec-
tively, and
Fˆ = 1− hˆ (1− δsfs)(1− δufu), (A3)
with indices x = s, u corresponding to the Mandelstam
variables appropriate for the respective kinematic situ-
ations depicted in Fig. 15. The factors δx are unity if
the corresponding channel contributes to the reaction in
question, and they are zero otherwise; fx denotes the ap-
propriate form factor. The parameter hˆ may be an arbi-
trary (complex) function, hˆ = hˆ(s, u, t) which, in general,
is subject to crossing-symmetry constraints. (However,
in the application discussed in this work, we simply take
hˆ as a fit constant.)
The interaction Lagrangians as well as the form fac-
tors that provide the meson-nucleon-baryon and photon-
nucleon-baryon vertices involved in the amplitudes Mµs ,
Mµu , M
µ
t , and M
µ
c are given in Appendix B.
2. Quasi-free photoproduction
Following Refs. [6, 20, 34], the quasi-free η′ photopro-
duction processes are described within a spectator model
by folding the cross sections for the corresponding free
processes with the momentum distribution of the nucleon
inside the deuteron.
In the laboratory frame, the deuteron is at rest and the
spectator nucleon inside the deuteron is on its mass-shell
and has three-momentum ps = −pN . Therefore, the
energy EN of the participant nucleon inside the deuteron
is given by
EN =Md −
√
m2s + p
2
N , (A4)
where ms denotes the mass of the spectator nucleon.
The invariant mass square of the γ(k) + N(pN ) →
η′(q) + N(p′N) subsystem, Q
2 ≡ (k + pN)2, can be ex-
pressed in the laboratory frame, where the participant
nucleon inside the deuteron has three-momentum pN , as
Q2(pN ) = E
2
N − p2N + 2Eγ
(
EN − pN · kˆ
)
, (A5)
where Eγ = (s−M2d )/(2
√
s) denotes the incident photon
energy with s denoting the invariant mass squared of the
γd system andMd denoting the deuteron mass. The unit
vector is given by kˆ ≡ k/|k|, where k denotes the three-
momentum of the incident photon.
Of course, one must have Q(pN ) ≥ mN + mη′ for
the quasi-free γN → η′N process to take place. To-
gether with this condition, the invariant mass squared,
Q2, in Eq. (A5) can be expressed in terms of the four-
momentum transfer square t ≡ (pd − ps)2 = p2N =
E2N − p2N , where pd and ps stand for the four-momenta
of the deuteron and the spectator nucleon, respectively,
as
Q2(pN ) = t+ 2Eγ
(√
p2N + t− pN · kˆ
)
≡ Q2(t,pN ) . (A6)
The differential cross section of the quasi-free photo-
production process is, then, approximated as
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(
W, θ
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∫
d3pN |Ψ(pN )|2Θ(Q(t,pN )−mN −mη′)
dσ
dΩ
∣∣∣∣
free
(
W ′ = Q(t,pN ), θ
)
, (A7)
where W ≡ Q(t = m2N ,pN = 0). Θ(x) is the usual step function that is equal to 1 for x ≥ 0 and 0 otherwise. It
has been introduce for the sole purpose of making explicit that Q(t,pN ) ≥ m′η +mN for the free γN → η′N process
to take place. θ is the scattering angle between outgoing meson and incoming photon. Ψ(pN ) is the deuteron wave
function in momentum space. dσ/dΩ|free is the differential cross section for a free photoproduction process.
A variant of Eq. (A8) is to restrict the participant nucleon to be on its mass-shell in the argument of dσ/dΩ|free in
Eq. (A7) [6, 20, 21], i.e.,
dσ
dΩ
∣∣∣∣
quasi
(
W, θ
)
=
∫
d3pN |Ψ(pN )|2Θ(Q(t,pN )−mN −mη′)
dσ
dΩ
∣∣∣∣
free
(
W ′ = Q(m2N ,pN ), θ
)
. (A8)
There are at least two reasons for this on-shell restriction.
One is the fact that the free cross sections that enter the
equations above are “on shell”. The other is that by
restricting t = m2N , the effect of the Fermi folding is
to smear out the free cross section keeping the centroid
position, corresponding to dσ/dΩ
∣∣
free
(W, θ), not to be
shifted. The latter feature seems to better reproduce the
quasi-free η photoproduction data [20, 21].
In the present work we employ Eq. (A8), but also ob-
tained results using Eq. (A7) and we find little difference
between the two prescriptions.
3. Hadronic production
The πN → η′N reaction is described here within a
tree-level approximation, analogous to the description of
πN → ηN in Ref. [18]. We take into account the nucle-
onic and resonance contributions as depicted in Fig. 16.
In principle, one could also include the t-channel dia-
grams such as the (rank-two) tensor meson a2(1320) ex-
change, whose decay branching ratio to η′π is quoted to
be BR(a2 → η′π) = 5.3 ± 0.9 × 10−3 [16]. We have
not considered such contributions in the present work
since we do not expect that including them would alter
our results in any significant manner. The propagators,
vertices, and form factors necessary for calculating the
Feynman diagrams in Fig. 16 are given in Appendix B.
The hadronic reaction NN → NNη′ is described ac-
cording to the model put forward in Refs. [18, 30, 35].
The DWBA amplitude M for this process is given by
M = (1 + TfGf )J(1 +GiTi), (A9)
where Tn, with n = i, f , denotes the NN T -matrix in-
teraction in the initial (i) or final (f) state, and Gn
is the corresponding two-nucleon propagator (which ab-
sorbs the factor i found in the DWBA formula given in
Ref. [30]). J sums up the basic η′ production mechanisms
depicted in Fig. 17. The interaction Lagrangians as well
as the form factors necessary for constructing the basic
production amplitude J are given in Appendix B. In the
absence of models capable of providing a reliable off-shell
NN initial state interaction (ISI), we consider it only
s s
N
η′ pi
+ u u
N
η′ pi
+ ss R
η′ pi
+ u u
R
η′ pi
FIG. 16. Feynman diagrams contributing to piN → η′N . The
notation is the same as in Fig. 15.
in the on-shell approximation following Refs. [30, 36].
This was shown to be a reasonable approximation for
calculating cross sections [36]. For the on-shell NN in-
teraction, we consider the phase-shifts and inelasticities
from the SAID partial-wave analysis [37]. All the partial
waves up to total angular momentum J = 7 are consid-
ered. The NN FSI is generated using the Paris potential
[38] where the Coulomb interaction is taken into account
fully as described in Ref. [35]. We also follow Ref. [39]
to convert the Paris NN interaction, which obeys the
non-relativistic Lippman-Schwinger equation, to the one
obeying the three-dimensionally reduced version (a la
Blankenbecler-Sugar) of the relativistic Bethe-Salpeter
equation in order to be consistent with the relativistic
covariant approach used in the present work. We also use
the Blankenbecler-Sugar propagator for the two-nucleon
propagator Gf in Eq. (A9) for consistency.
Appendix B: Lagrangians, Form Factors, and
Propagators
The interaction Lagrangian used to construct our
model for the basic production amplitudes is given be-
low. For further convenience, we define the operators
Γ(+) = γ5 and Γ
(−) = 1. (B1)
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FIG. 17. Basic production mechanisms for NN → NNη′.
Time proceeds from right to left. The full amplitude, with
additional initial- and final-state contributions, is given by
Eq. (A9). As in Fig. 15, N and R denote the intermediate
nucleon and resonances, respectively, and M incorporates all
exchanges of mesons pi, η, ρ, ω, σ, and a0 (≡ δ) for the nucleon
graphs and pi, ρ, and ω for the resonance graphs. External
legs are labeled by the four-momenta of the respective par-
ticles; the hadronic vertices s, u, and t here correspond to
the same kinematic situations, respectively, as those identi-
fied similarly in Fig. 15. The nucleonic (nuc), resonance, and
meson-exchange (mec) contributions referred to in the text
correspond, respectively, to the first, second, and third lines
of the diagrams on the right-hand side.
1. Electromagnetic interaction Lagrangians
LNNγ = − eN¯
[(
eˆγµ − κˆ
2MN
σµν∂ν
)
Aµ
]
N, (B2)
Lη′ργ = egη
′ργ
mη′
εαµλν (∂
αAµ)
(
∂λη′
)
ρν3 , (B3)
Lη′ωγ = egη
′ωγ
mη′
εαµλν (∂
αAµ)
(
∂λη′
)
ων , (B4)
where e stands for the elementary charge unit, and
eˆ ≡ (1+ τ3)/2 and κˆ ≡ κp(1+ τ3)/2+ κn(1− τ3)/2, with
the anomalous magnetic moments κp = 1.793 of the pro-
ton and κn = −1.913 of the neutron; MN stands for the
nucleon mass. Fµν ≡ ∂µAν−∂νAµ with Aµ denoting the
electromagnetic field and εαµλν is the totally antisym-
metric Levi-Civita tensor with ε0123 = +1. The meson-
meson electromagnetic transition coupling constants in
the above Lagrangians, gη′ργ = 1.25 and gη′ωγ = 0.44,
are extracted from a systematic analysis of the radiative
decay of pseudoscalar and vector mesons based on fla-
vor SU(3) symmetry considerations in conjunction with
vector-meson dominance arguments [35]; their signs are
inferred in conjunction with the sign of the coupling con-
stant gpivγ (v = ρ, ω) determined from a study of pion
photoproduction in the 1 GeV energy region [40]. The
resulting η′vγ vertex is multiplied by the form factor
f˜v(t) which describes the off-shell behavior of the inter-
mediate vector meson with squared momentum transfer
t = (p− p′)2 (cf. fourth diagram in Fig. 15). We use the
dipole form
f˜v(t) =
(
Λ∗v
2
Λ∗v
2 − t
)2
. (B5)
The cutoff Λ∗v, taken to be identical for both ρ and ω, is
a fit parameter.
The resonance-nucleon-photon-transition Lagrangians
are
L( 12
±)
RNγ = e
g
(1)
RNγ
2MN
R¯Γ(∓)σµν (∂
νAµ)N +H.c., (B6a)
L(
3
2
±)
RNγ = − ie
g
(1)
RNγ
2MN
R¯µγνΓ
(±)FµνN
+ e
g
(2)
RNγ
4M2N
R¯µΓ(±)Fµν∂νN +H.c., (B6b)
where the superscript of LRNγ denotes the spin and par-
ity of the resonance R. The coupling constants g
(i)
RNγ
(i = 1, 2) are fit parameters.
2. Hadronic interaction Lagrangians
In this subsection, we use S (= σ,~a0), P (= η, ~π), and
Vµ (= ωµ, ~ρµ) to denote the scalar, pseudoscalar, and
vector meson fields, respectively. The vector notation
refers to the isospin space. For isovector mesons, S ≡
~S · ~τ , P ≡ ~P · ~τ , and Vµ ≡ ~Vµ · ~τ .
The Lagrangians for meson-nucleon interactions are
LNNS = gNNS N¯NS, (B7a)
LNNP = −gNNP N¯
{
Γ(+)
[
iλ+
1− λ
2MN
∂/
]
P
}
N, (B7b)
LNNV = −gNNV N¯
{[
γµ − κV
σµν∂ν
2MN
]
Vµ
}
N, (B7c)
where the parameter λ was introduced in LNNP to in-
terpolate between the pseudovector (λ = 0) and the
pseudoscalar (λ = 1) couplings. The NNη′ coupling
constant, gNNη′ , is a fit parameter. All the other cou-
pling constants in the above Lagrangians are taken from
Ref. [41], with the exception of gNNω = 10 as explained
in Ref. [30].
The η′vv (v = ρ, ω) Lagrangians are
Lη′ρρ = gη
′ρρ
2mη′
εαµλν (∂
α~ρµ)
(
∂λη′
) · ~ρ ν , (B8)
Lη′ωω = gη
′ωω
2mη′
εαµλν (∂
αωµ)
(
∂λη′
)
ων . (B9)
The coupling constants, gη′ρρ = 5.51 and gη′ωω = 5.42,
are obtained from a systematic analysis of the radiative
decay of pseudoscalar and vector mesons based on SU(3)
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symmetry considerations; their signs are inferred, in
conjunction with vector-meson dominance assumptions,
from the sign of the coupling constant gpivγ (v = ρ, ω)
determined from a study of pion photoproduction in the
1 GeV energy region [40].
For nucleon resonances,
L(
1
2
±)
RNP = −gRNP R¯
{
Γ(±)
[
±iλ+ 1− λ
MR ±MN ∂/
]
P
}
N +H. c., (B10a)
L( 12
±)
RNV =
gRNV
2MN
R¯Γ(∓)σµν (∂
νV µ)N +H. c., (B10b)
L(
3
2
±)
RNP =
gRNP
MP
R¯µΓ
(∓)(∂µP )N +H. c., (B10c)
L(
3
2
±)
RNV = −i
g
(1)
RNV
2MN
R¯µγνΓ
(±)V µνN +
g
(2)
RNV
4M2N
R¯µΓ
(±)V µν∂νN ∓ g
(3)
RNV
4M2N
R¯ µΓ(±) (∂νV
µν)N +H. c.. (B10d)
where the Lagrangian (B10a) contains the pseudoscalar-pseudovector mixing parameter λ, similar to Eq. (B7b).
Each hadronic vertex obtained from the interaction La-
grangians given in this subsection is multiplied by a phe-
nomenological cutoff function
f(p′2, p2, q2) = fB(p
′2)fB(p
2)fM (q
2), (B11)
where p′ and p denote the four-momenta of the two
baryons, and q is the four-momentum of the meson at
the three-point vertex. Here, we use
fB(x) =
Λ4B
Λ4B + (x−M2B)2
, (B12)
where the cutoff ΛB = 1200 MeV is taken the same for
all the baryons B, and fM (q
2) is given by
fM (q
2) =
(
Λ2M −m2M
Λ2M − q2
)n
, (B13)
with n = 1 for a scalar or a pseudoscalar meson and n = 2
for a vector meson. mM denotes the mass of meson M .
The values of ΛM are taken the same as those used in
Ref. [30].
3. Energy-dependent resonance widths
Our formalism is adapted to accommodate energy-
dependent resonance widths with the appropriate thresh-
old behavior.
For a spin-1/2 resonance propagator, we use the ansatz
S1/2(p) =
1
p/−mR + i2Γ
=
p/+mR
p2 −m2R + i2 (p/ +mR)Γ
,
(B14)
where mR is the mass of the resonance with four-
momentum p. Γ is the width function whose functional
behavior will be given below.
For spin-3/2, the resonant propagator reads in a
schematic matrix notation
S3/2(p) =
[
(p/−mR)g − i∆
2
Γ
]−1
∆. (B15)
All indices are suppressed here, i.e., g is the metric ten-
sor and ∆ is the Rarita–Schwinger tensor written in full
detail as
∆µνβα = −gµνδβα+
1
3
γµβεγ
ν
εα+
2pµpν
3m2R
δβα+
γµβαp
ν − pµγνβα
3mR
,
(B16)
where β, α, and ε enumerate the four indices of the γ-
matrix components (summation over ε is implied). The
inversion in (B15) is to be understood on the full 16-
dimensional space of the four Lorentz indices and the
four components of the gamma matrices.
In both cases, we write the width Γ as a function of
W =
√
s according to
Γ(W ) = ΓR
∑
i=1
βiΓˆi(W ), (B17)
where the sums over i accounts for decays of the reso-
nance into two- or three-hadron channels and into radia-
tive decay channels. The total static resonance width is
denoted by ΓR and the numerical factors βi describes the
branching ratios into the various decay channels, i.e.,
N∑
i=1
βi = 1. (B18)
Similar to Refs. [42–45], we parameterize the width func-
tions Γˆi (which is normalized to unity at W = mR) to
provide the correct respective threshold behaviors. The
details may be found in Ref. [12].
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